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Abstract
Composite materials require a multi-scale approach to fully understand its behavior. At the
micro level, material behavior analysis is conducted most often using numerical or
analytical approaches. These models, however, require validation from experimental data
to ensure material predictions are accurate. This study compares a semi-analytical
micromechanical analysis tool, MAC/GMC, to experimental results of in-situ microscale
transverse compression testing conducted at AFRL facilities. Effective properties, stressstrain curves, stress and strain fields, and damage predictions are compared with
experimental outputs. Both generalized method of cells (GMC) and high-fidelity
generalized method of cells (HFGMC) theories implemented within MAC/GMC show
results that agree well with experiment, and thus provide evidence for micromechanical
theory validation.

ix

1 Introduction
Composite materials are crucial structural components for aviation and aerospace
development. These materials open the door for a range of new structural designs that
reduces weight and simultaneously improves stiffness and strength. With these new
possibilities, however, comes an increasingly complex material system that requires
analysis from the atomic scale up to the molecular, micro, and macro scale to fully
understand its behavior. Using computational models is the dominant tool used to assess
material behavior at such small length scales, but validation of these models is equally as
important as the results they provide. As the opportunities to utilize composites increases
and becomes more appealing to a wider audience, it is crucial to understand the
mechanisms that lead to failure of these composites from all length scales to be able to
engineer the safest and most resilient components.

1.1 Motivation
It is long established that standard unidirectional, continuous carbon-fiber polymer-matrix
composites are orthotropic in nature– the axial direction is significantly stronger and stiffer
than its transverse counterparts. Understanding failure behavior along the transverse
direction of the material will allow for overall composite strength improvement, as well as
safety enhancement in the design process. A novel microscale experiment recently done at
AFRL facilities has opened the door for the exploration of such failure mechanisms1, 2. An
in-situ mechanical transverse compression test was conducted on four PMC micropillars.
The incremental experimental data collected allows for the opportunity to analyze and
validate micromechanics models in a way that has not been fully explored to date.
The micromechanics model of interest to validate with this experiment is a semi-analytical
tool created by developers at NASA Glenn Research Center, referred to as MAC/GMC.
This software has the capability to provide results comparable to standard numerical
models with significantly higher efficiency and reduced computational demands, making
it optimal for multi-scale analyses and time-constrained projects. This thesis will explore
MAC/GMC and use the experimental results from the transverse compression test to
validate the semi-analytical theories of the generalized method of cells (GMC) and highfidelity generalized method of cells (HFGMC) within the software. Outputs of effective
properties, stress-strain curves, stress-strain fields, and damage predictions within the
linear and nonlinear regions of the test will be cross-referenced with experimental data.
This will provide an opportunity to validate MAC/GMC as an accurate, semi-analytical
micromechanical model in a way that has not yet been seen.

1.2 Background
This section will provide an overview of the microscale domain in multiscale analyses,
provide the analytical and numerical micromechanical theories that preceded MAC/GMC,
introduce the previous studies conducted using MAC/GMC, and provide context in how
this study will fit with previous findings.
1

1.2.1 Linearity and Homogeneity
In a multiscale analysis, the microscale is a unique region that bridges the molecular and
atomic interactions to the macroscale structure. It is a sector that allows for analyses that
can either localize the constituents or introduce homogeneity. Localization allows for the
separation of the materials that make up the composite and focuses on how an individual
constituent responds to a given load. This is significant, because many PMCs exhibit a
large contrast of mechanical strength between the carbon fiber and the polymer matrix and
assessing how each material responds provides valuable insight into how the composite
will fail at the microscale and concurrently fail at the macroscopic level. Homogenization
of the composite at the microscale introduces the perspective of viewing the individual
components of the material as a unified medium rather than separate. Theories on how to
calculate intrinsic mechanical properties of the homogenized composite are a core
component of analytical micromechanical theories developed, and it is a key aspect of the
micro-length scale in multiscale studies.

1.2.2 Micromechanical Modeling Methods
Experimental studies at the microscale have been limited due to the challenges of
conducting mechanical testing at such a small length scale; therefore, the microscale
domain is filled with analytical theories that predict material property behavior of the
localized to homogenized composite material. In 1887, Voigt published a paper that
proposed a model that determines the average elastic moduli of composite materials3.
Reuss, in 1929, proposed the rule of mixtures theorem to predict average stress within a
composite4. In 1984, Chamis released a paper that combined the ideas of Voigt and Reuss
to generate simple models that predict a composite’s effective, homogenized properties5.
Prior to this combined theory, in 1952, Hill argued that the Voigt and Reuss approximations
act as bounds, and the true effective properties of a composite lie somewhere between the
two theories, regardless of the geometry of the microscale6. Continuing with this idea,
Hashin and Shtrikman published a paper in 1963 that provides even narrower bounds for
the true effective elastic properties of a composite7. Hashin added another analytical model
in 1962 when he proposed the Composite Spheres Assemblage model (CCA) that provides
an effective bulk modulus to a system8. In 1973, Mori and Tanaka proposed an analytical
model that provides effective stiffness, compliance, dilute approximation, bulk modulus,
and shear modulus properties9 – as time progresses, these analytical models begin to
provide more effective property outputs than their previous counterparts. It is worth noting,
however that all these analytical models developed are mean field theories. Upon
localization, there are no stress or strain gradients, but rather homogenized, mean values.
A contrast to analytical theories is a fully numerical approach. Finite element analysis, for
example, is used to deconstruct a model to nodal elements, establish boundary conditions,
and extract desired outputs, including both homogenized effective properties and localized
stress-strain fields during an elastic or inelastic material response. Foye has been suggested
to provide the earliest application of finite element modeling at the microscale back in
196610. Numerical methods provide the most accurate model results than any other
analytical alternative; however, this technique requires significant time to construct and
2

has high computational demands. Therefore, even after the connection of FEA to
micromechanics was made, analytical methods continued to be explored and developed–
the balance between model fidelity and efficiency was not met at this scale.
MAC/GMC was developed to address that specific balance– accuracy and efficiency. The
aim of this model is to incorporate the nuances of finite element modeling while
concurrently utilizing the analytical advantage of time and computational efficiency.
Discretized geometry and loading conditions are implemented to output homogenized
effective properties and localized stress-strain fields with corresponding gradients. The
goal of MAC/GMC is to be considered the middle-ground between analytical and
numerical micromechanical methods. With its anticipated advantages of using both
numerical and analytical features, this model is of interest to generate further validation of
its capabilities2. MAC/GMC will therefore be the subject of validation for experimental
microscale transverse compression data. This will provide details on the strengths of the
model, as well as any shortcomings that can be further addressed and reassessed by
MAC/GMC and the NASA Glenn Research Center theoretical and software developers.

1.2.3 MAC/GMC Studies
MAC/GMC software has been utilized within the micromechanical and multiscale
composite analysis research field since around 1981 and remains an active source of
research to date. There is a large range of applications where MAC/GMC showed to be
useful. This section covers some of the studies done using this semi-analytical software, as
well as where the current study falls within the domain and as how it differs from the
previous papers.
The first paper written utilizing MAC/GMC was by Aboudi in 1981, where the Method of
Cells (MOC) was used to analyze wave propagation in elastic fiber-reinforced
composites11. The generalized method of cells (GMC) and consequently high-fidelity
generalized method of cells (HFGMC) were then developed and studied for the next twenty
years, and a thorough and useful review of GMC and HFGMC was published once more
by Aboudi12. The following twenty years expanded on those previous findings, as well as
established a multiscale presence of utilizing MAC/GMC as a reliable connector between
localized, atomic and molecular-scale studies to homogenized structural components.
Validation of MAC/GMC using finite element analysis or experimental results are
additionally researched. A breakdown of these studies will be explained next, starting with
studies involving effective property calculations, followed by failure predications, then
multiscale studies, and finally validation analyses of MAC/GMC with FEM and
experimental results.
Determining a composite’s thermal or mechanical effective properties is one of
MAC/GMC’s most computationally efficient options to conduct, as it doesn’t require any
virtual loading or additional computations once the strain concentration matrix is
calculated3. With that, there are studies that use this tool to provide insight on new
materials. Baxter13 studied the changes in effective properties of porous materials as its
pore geometry was altered. Ganesh14 analyzed two-dimensional woven fabric composites
3

through its effective properties and mechanical strength using MOC within MAC/GMC.
Metal matrix composites were studied and findings of initial and yield surfaces were
presented15. Biomechanical studies have also been used through MAC/GMC—Lau used
GMC to model the effect of various calcification sizes have on the effective material
behavior of cartilage16. Along with effective property predictions, there are studies that
expanded to failure predications of composite materials using MAC/GMC.
MAC/GMC has provided researchers with the ability to predict failure in a variety of
thermal and mechanical settings. Bednarcyk and Arnold performed studies on metal matrix
composites (MMCs) to predict deformation, failure, and low cycle fatigue life, which
included parameters of inelastic deformation, fiber breakage, debonding, and fatigue
damage17. Foringer18, Fleming19, and Wilt20 all used MAC/GMC to predict fatigue life of
MMCs. Studying the effects of debonding have also been explored within MAC/GMC.
This is seen with studies of Lissenden and Needleman21 exploring fiber-matrix debonding
model within the MOC, as well as with Mahiou22 studying imperfect bonding between
interfaces using MOC displacement jumps, and Bednarcyk23 comparing GMC and
HFGMC’s capabilities of local debonding predictions.
Multiscale studies have been more recently conducted using MAC/GMC as the bridging
mechanism between localized molecular scale and homogenized macro scales. Bennett and
Haberman proposed back in 1996 to unify MOC and finite element methods to allow for
micromechanical effects to be taken into account in structural applications24. This idea was
reiterated by Arnold, Holland Jr, Bednarcyk, and Pineda25, in which it was stated that
employing MAC/GMC within integrated computational materials engineering is capable
of lowering cost and time to market new materials. In 2015, Moghaddam applied that
principle when he used GMC for localization in a multiscale analysis and incorporated the
semi-analytical theory within macroscale FEA framework26. The concept of utilizing GMC
to establish micro-scale localized stresses in a structural component was used by
Moghaddam, Achuthan, Bednarcyk, Arnold, and Pineda27, where a single crystal plasticity
constitutive model was created with GMC coupling with FEA at the macroscale. It was
additionally used in Naghipour28 when analyzing the deformation and failure response of
notched and unnotched laminated composites subject to various loading conditions. On the
flip side of localization, the works of Sorayot29, Aluko30, Hashim and Radue31, 32, and
Pisani33 have shown that using MAC/GMC for homogenization purposes when scaling up
from molecular scales is also effective. These studies have been able to provide thermal
and mechanical properties of composite materials developed using molecular dynamics.
To strengthen results shown for effective property studies, failure predictions, and
multiscale analyses, validation studies between MAC/GMC and finite element modeling
and experimental results are provided. Pahr34, Pineda35, and Sertse36 used finite element
models to verify their MAC/GMC GMC and HFGMC models undergoing various loading
conditions and assess damage progression estimations, and found that their results agreed
well with the fully numerical finite element models. Experimental data is additionally a
very powerful validation tool to compare with MAC/GMC models. Bednarcyk and
Arnold37, 38, Pineda39, Sorini40, and Moncada41 have all executed this method of validation
4

through comparing experimental data at the macro level and providing microscale imaging
of composites at failure.
The current study has the capacity to continue to build MAC/GMC’s validation database
due to some gaps previously present in experimental comparison. Up until recently, the
experimental data compared with MAC/GMC is either tested at a larger scale or only
imaged at the final failure point. Progressions in experimental micromechanical testing, as
seen with Flores1, 2, have expanded the pool of experiments to compare and validate with
MAC/GMC. This study will provide comparative results between model and experiment
at a variety of time steps during the testing process in both the linear and nonlinear regions
of testing, which has not been fully explored yet. Effective properties, stress-strain curves,
strain fields, stress fields, and damage predictions will be presented and compared to the
in-situ microscale experiment data provided.

1.3 Objectives
Due to the in-situ quality of the experimental data, the capabilities and limitations of
MAC/GMC can be studied in three progressive phases. The first phase utilizes the theory
of the generalized method of cells (GMC) within the linear region up until nonlinearity of
the transverse compression models. The next phase will model the experiment with the
high-fidelity generalized method of cells (HFGMC) within the linear region. This section
will provide the next step of fidelity and in turn require more time and computational
demands to run the models. The third phase will advance the region of study up until the
experiment’s failure point in the nonlinear region utilizing GMC calculations. This will
explore the capabilities of GMC modeling as damage occurs and compare predicted failure
points to the experiment. Unfortunately, HFGMC could not be used for the failure
calculations because the memory requirements were too large. Discussions regarding the
outputs of the simulation at each phase will take place that will highlight both their
advantages and constraints.

5

2 Modeling Approach
This section will provide an overview of MAC/GMC and the underlying micromechanical
theories it utilizes. A comparison between two theories will be made along with a
discussion on the general inputs and outputs of the software. Initialization of the model
inputs will be analyzed, and the scope of the experiment conducted in this thesis will be
explained.

2.1 MAC/GMC: An Overview
MAC/GMC is a semi-analytical tool that has been implemented as a composite material
modeling software within the micro length scale domain. It stands among analytical and
numerical methods and utilizes the traits of both to act within the middle grounds of pure
efficiency and accuracy, as visualized in figure 2-1. NASA Glenn’s micromechanical tool
has the capability to provide both localization and homogenization techniques that the
microscale studies. Homogenization traits, such as effective properties, and localization
traits, such as subcell-fidelity stress-strain fields, can be acquired from the software.

Figure 2-1: Schematic of MAC/GMC's position within micromechanical modeling
There are two core theories that MAC/GMC implements that will be used in this study: the
generalized method of cells (GMC) and high-fidelity generalized method of cells
(HFGMC). Both models require similar inputs of constituent properties, specified
repeating unit cell (RUC) geometry, loading, and solver integration steps, and can provide
desired properties as an output file for graph development and stress or strain field
generation through a third-party software, such as MATLAB. A summary of the general
inputs and outputs MAC/GMC and subsequent GMC and HFGMC theories can be seen in
figure 2-2.

6

Figure 2-2: Flow chart of input parameters and respective outputs MAC/GMC provides
A closer observation of the RUC geometry input is summarized in figure 2-3. A 2x2 doubly
periodic repeating unit cell (RUC) is highlighted, with individual matrix and fiber subcells
identified. In MAC/GMC, an arbitrary number of subcells can be identified to accurately
represent the desired microstructure. Periodic boundary conditions are applied within the
two dimensions of the geometry. All interfaces, including inter-subcell and periodic
boundaries, are imposed with an averaged continuity. This allows for the formulation of a
strain concentration matrix to map the global applied average strains to each local subcell
strain3.

Figure 2-3: Standard definitions of MAC/GMC inputs
7

There are differences between the capabilities of GMC and HFGMC as well, which is
summarized in table 2-1. GMC, like many other analytical tools, assumes zero shear
coupling within its calculations. This aids with its impressive computational efficiency;
however, there is lacking in its stress-field fidelity and local accuracy. HFGMC addresses
the lack of shear coupling and is therefore more accurate but comes at the cost of increased
computational demands. Both theories will be explored within this study to assess the
balance of accuracy and efficiency of this micromechanical model.
Table 2-1: Distinctions between GMC and HFGMC modeling methods
GMC
-

HFGMC

1st order displacement field
Zero shear coupling
“mesh” independent3
Less computational demands

-

2nd order displacement field
Includes shear coupling
“mesh” dependent
More computational demands

To fully utilize MAC/GMC’s theories and properly compare results to experiment, it is
important to replicate the microstructure, loading conditions, and constituent properties of
the experiment closely. The next section will introduce how this was achieved for the study.

2.2 Input Initialization
Modeling a microstructure in MAC/GMC requires three core parameters: constituent
properties, mechanical loading, and the architecture of the specimen. There are many other
properties that can be incorporated to further analyze a problem, including thermal inputs
and laminate configurations, but this paper will revolve around the three inputs previously
stated.
Identifying the constituent mechanical and thermal properties is a requirement for
MAC/GMC to run and conduct any analysis. This software provides a variety of ways to
assign an individual constituent’s material properties, including an internal library of preset
materials and methods for linking to an external database. There is also a user-defined
function that allows for full control of property inputs, as seen in table 2-2. These material
properties were extracted for each micropillar model from the transverse compression
experiment conducted2. Both the fiber and matrix were modeled as linear elastic with
negligible CTE’s due to the nature of the experiment and the environmental conditions
where it was conducted.
Table 2-2: User-defined constituent parameters required for modeling in MAC/GMC
Shear
Coefficient of
Elastic Modulus Poisson’s Ratio
Modulus Thermal Expansion
Eaxial
Etransverse
νaxial
νtransverse
Gaxial
αtransverse
αaxial
Mechanical loading is the next parameter to specify. Due to the nature of the experiments
being replicated, each micropillar experiences a different loading condition in MAC/GMC
8

to accommodate to accurate lab conditions. Every micropillar experiences an induced
strain in the ε22 direction at a given time stamp to replicate the transverse compression
strain seen in the lab. This loading varies when looking at either the linear-elastic or
nonlinear region of the test sample, as well as for each micropillar.
The final parameter required for experimental replication is the RUC architecture.
MAC/GMC has an internal library of RUC models, the simplest being a 2 x 2 squarepacked, square fiber doubly periodic RUC (figure 2-3). Other shapes, such as a doubly
periodic circular fiber can be modeled with ease and efficiency. Another option
MAC/GMC provides is a user-defined RUC input. Figure 2-4 shows an example of a
simple user-defined RUC can be implemented within MAC/GMC quite easily. The
complexity of RUC inputs arises when a separate, unique micropillar with 50-150 fibers
needs to be modeled with high accuracy. This is the problem for experimental replication,
and a semi-automatic process has been developed with a python script to aid this step.

Figure 2-4: Progression of geometry inputs and final RUC requirements
Figure 2-5 shows a flow diagram of the steps taken to generate a microstructure that
MAC/GMC accepts. The SEM image is taken during the experiment, and centroids are
detected and meshed with a color-blocked scheme using GMSH. This color-blocked image
then becomes the input for the python script, in which a bitmap.csv file is created and filled
with 1’s and 2’s depending on the pixel color and resultantly the material identification of
the subcell. This bitmap.csv file can be visualized and manipulated using Excel. One key
trait that makes this process semi-automated is the necessity to ensure each fiber is
separated with a matrix subcell. With this process, it means manual analysis and bitmap
manipulation takes place in Excel, along with the final formatting of the bitmap into
MAC/GMC. This process was repeated on the four micropillars.
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Figure 2-5: Infographic on MAC/GMC RUC generation from experimental SEM imaging
This section broke down the core inputs required for a MAC/GMC simulation and the
processes that occurred to replicate the experimental data. The next section in the modeling
approach will discuss more in-depth of how the MAC/GMC inputs correspond to various
regions of the experiment and how the comparisons and validation of the model will take
place.

2.3 Formulation of Study
MAC/GMC’s capabilities will have to opportunity to be cross-referenced with a novel insitu microscale transverse compression experiment. Figure 2-6 lays out the plan of this
paper. The experimental data will be the direct inputs for MAC/GMC model
configuration—specifically, the fiber and matrix constituent properties, the mechanical
loading conditions, and the RUC geometry. MAC/GMC will be tested at three progressive
phases: linear GMC modeling, linear HFGMC modeling, and nonlinear GMC modeling.
Effective properties, stress-strain curves, and stress and strain fields will be outputs and be
directly compared to experimental results.

Figure 2-6: Flowchart of methodology for the structure of this study
It is worth noting the way in which the MAC/GMC inputs will be applied to each
incremental testing phase. Figure 2-7 provides a mapping of the inputs that will be
unchanged among one another and the properties that will remain unique to its respective
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study. The linear region tests will implement identical inputs, with the changing variable
being the micromechanical theory itself.

Figure 2-7: Mapping of how each input will be reused within each incremental testing
phase. Properties with a green, connected border resembles equivalent parameters are
implemented; blue, disconnected borders resemble an input unique to that specified test.
The next section will connect the modeling approach explained to specific experimental
parameters. A summary of the in-situ microscale transverse compression experiment is
provided, along with how the experiment was converted into a MAC/GMC model through
effective properties, mechanical loading, RUC geometry, and subcell failure criteria.
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3 Modeling of Transverse Compression Experiment
This section provides context between how the modeling approach described in section 2
was implemented to replicate the transverse compression experiment being tested in
MAC/GMC2. A summary of the in-situ microscale experiment is described, along with an
overview of model inputs for all the micropillars. The structure of how validation between
separate studies and experimental data is also explained, as it will aid with navigating the
results and discussion in section 4.

3.1 Experimental Overview
A set of microscale transverse compression experiments were completed at AFRL facilities
to study the behavior of composites within the micro-length scale1, 2. This procedure is
novel, as it was able to capture in-situ imaging that showed progressive damage and fed
into incremental localized strain fields to a resolution that previous microscale studies had
not able to accomplish.
The experiment consisted of testing four polymer matrix composite (PMC) micropillars
undergoing transverse compression in a scanning electron microscope (SEM). Figure 3-1
shows the load fixture stage built to accommodate the mechanical testing. This stage
allowed for an indenter and the PMC micropillar to be placed inside the SEM and for a
consistent loading to take place for the compression test. Figure 3-2 shows the experimental
setup that took place inside the SEM. Micropillar TC-1 is shown as an example, and all
following micropillar tests experienced identical setup measures.

Figure 3-1: Custom built load fixture with in-situ SEM capabilities. Used to test all four
micropillars undergoing transverse compression.
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Figure 3-2: TC-1 transverse compression testing setup inside the SEM.
The PMC micropillars were created through standard autoclave procedures. Micropillars
TC-1 and TC-2 were created with an IM7/5250-4 carbon fiber epoxy mix, while TC-3 and
TC-4 were made with an IM7/977-3 mix. All micropillars underwent a laser speckle pattern
engraving for digital image correlation (DIC). This allowed for the incorporation of virtual
strain gauges for in-situ strain fields. Figure 3-3 shows all four micropillars at the start of
the transverse compression experiment.

Figure 3-3: Four micropillars in SEM pictured prior to testing.
Each micropillar underwent transverse compression, and figure 3-4 shows the final SEM
image each test. TC-1, TC-3, and TC-4 experienced full failure, where TC-2 was removed
from testing once a fiber debond was observed. A few assumptions were made for this
13

experiment. Due to the scale of the testing, it was assumed the carbon fibers were not wavy,
did not experience kinking or overlap, and that there was matrix between all fibers. These
assumptions were additionally carried into the MAC/GMC modeling.

Figure 3-4: Final SEM image of each transverse compression test.
The data collected from this study allows for continued exploration and improvement of
micromechanical theories through cross-analysis between experiment and computational
model. This comparison has been done through replicating the transverse compression
experiment within MAC/GMC. The next section will provide context for how the model
inputs were acquired and incorporated into the semi-analytical software.

3.2 Conversion to MAC/GMC
This section provides information of how experimental data is incorporated into
MAC/GMC inputs. Constituent properties, repeating unit cell (RUC) architecture, linear
and nonlinear loading, and subcell failure parameters will be covered, and explanations of
how model equivalence is achieved between experiment and model is made.

3.2.1 Constituents
This section covers the data inputs for constituent properties, a required MAC/GMC input
for all the studies taken place. Table 3-1 provides the fiber and matrix composition for the
four micropillars being tested, namely TC-1, TC-2, TC-3, and TC-4. TC-1 and TC-2 are
made from the same fiber/matrix composition, while the same is said for TC-3 and TC-4.
Table 3-1: Constituent composition of the four micropillars analyzed
Micropillar

Fiber

Matrix

TC-1

IM7

5250-4

TC-2

IM7

5250-4

TC-3

IM7

977-3

TC-4

IM7

977-3
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For this study, the orthotropic nature of the IM7 carbon fibers is seen and addressed in table
3-2. Matrix properties are also seen, as well as its reduced strength and more isotropic
nature. This study did not require specific thermal properties, so the coefficients of thermal
expansion were considered negligible and not assessed in this study. Constituent properties
were acquired through the transverse compression experiment1, 2 itself, and these
parameters will be used for all MAC/GMC studies to maintain consistency and prevent any
unforeseen variable changes.
Table 3-2: Fiber and matrix mechanical properties used for MAC/GMC constituent input
Name
EA (GPa) ET (GPa)
νA
νT
GA (GPa)
Fiber

IM7

276

15

0.28

0.46

27

5250-4

4.6

4.6

0.38

0.35

1.7

977-3

4

4

0.38

0.38

1.28

Matrix

3.2.2 RUC Architecture
This section covers the input microstructure geometry applied for each given experimental
model. This established geometry for each microstructure will be used for all MAC/GMC
tests to reduce variability and maintain consistency. Table 3-3 shows a summary of the
number of fibers within each microstructure, experimental micropillar dimensions, and
MAC/GMC model input subcell count. It is worth noting the difference in size between
the models, with TC-1 being the smallest and TC-3 being the largest.
Table 3-3: Details of fiber count, micropillar dimensions, and subsequent subcell
dimensions of each micropillar model.
Number of
Subcell
Micropillar dimensions
Micropillar
fibers
dimensions
(µm)
TC-1

54

556 x 206

63.5 x 22.5

TC-2

72

544 x 388

59.0 x 41.0

TC-3

184

714 x 334

115.1 x 47.7

TC-4

175

692 x 326

101.2 x 47.8

Measurements of the volume fraction between each experimental and computational model
is shown in table 3-4. Due to the imperfections of the semi-automatic SEM image to bitmap
modeling approach discussed in chapter 2, there are variations in the experimental and
computational models. The higher fiber volume fraction for each model suggests that
MAC/GMC results obtained may be slightly higher than experimental results.
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Table 3-4: Volume fraction calculations of experimental and model micropillars.
Experimental Vf

MAC/GMC Model Vf

% Error

TC-1

63.13%

63.46%

0.52%

TC-2

63.49%

66.65%

4.98%

TC-3

67.84%

70.57%

4.02%

TC-4

67.26%

69.97%

4.03%

One factor that contributes to the differences in experimental and model volume fraction
is the variety of size and fiber count for each micropillar, which is seen visually in figure
3-5. As the number of fibers increases within a given microstructure, a larger bitmap is
required to capture the proper geometry. The increase in subcells, however, caused some
computational errors to occur within the MAC/GMC software and the models failed to run.
The immediate solution to this problem was to reduce the resolution of the models and
create smaller bitmaps to input. This allowed for a continuation of the study, with a small
sacrifice to volume fraction equivalence. A future solution to this is to transition from
MAC/GMC to its newer version, NASMAT, where the limitations in subcell count have
been resolved.

Figure 3-5: SEM image and MAC/GMC model views for TC-1, TC-2, TC-3, and TC-4
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3.2.3 Loading
This section will cover the loading and simulated boundary conditions employed within
MAC/GMC for all micropillars. Figure 3-6 shows a simple visualization of the doubly
periodic conditions applied along the x2 and x3 axes. There is an induced strain along the
x2 direction, which corresponds to the transverse compressive loading from the experiment.
Each micropillar experiences this same loading configuration. The strain values employed,
however, vary to accommodate for the closest experimental alignment. The rest of this
section will focus on the strains and times applied for each micropillar in both the linear
and nonlinear regions.

Figure 3-6: Visual of transverse compression boundary conditions within MAC/GMC.
3.2.3.1 Linear Region
This section covers the parameters used to replicate the transverse compressive forces
experienced at the onset of nonlinearity for each microstructure. Table 3-5 shows the
applied strain and respective time of nonlinearity initiation seen in each experiment.
Differences in the applied strain and times of nonlinear onset can be attested to varying
experimental objectives for each microstructure. TC-1 was the first model to be tested
under transverse compression and was used as a study for how to continue to test at the
microscale. TC-2 was removed from the experiment once debonding was identified for
analysis under an x-ray CT scanner, and TC-3 and TC-4 were tested until ultimate failure1,
2
.
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Table 3-5: Mechanical loading specification for all four micropillar models.
Micropillar

Applied ε22 strain

Time to nonlinearity (sec)

TC-1

0.041

613

TC-2

0.029

11969

TC-3

0.025

1625

TC-4

0.031

1687

3.2.3.2 Nonlinear Region
An induced strain in the transverse direction and a set time that is equivalent to each
experiment’s ultimate failure is applied for each micropillar that experienced a nonlinear
region. Table 3-6 provides details for each micropillar’s nonlinear testing domain. TC-2 is
not included in this study, as the experimental transverse compression test ended prior to
any nonlinear behavior.
Table 3-6: Mechanical loading specification for all four micropillar models.
Applied ε22 ultimate
Time of ultimate
Micropillar
failure strain
failure (sec)
TC-1

0.070

1139

TC-3

0.050

3067

TC-4

0.067

3224

The next section will provide details on the subcell failure parameter, and the theories
implemented within MAC/GMC to allow for a nonlinear material response.

3.2.4 Nonlinear Failure
Due to the linear elastic nature of the constituent properties, subcell failure is a property
that needed to be introduced to the models to create the nonlinear, damage effect that
occurred in the experiment. The matrix constituent was the only parameter tested for
failure, as the strain implemented in loading did not exceed 40% and thus fiber failure
didn’t need assessment1.
Table 3-7 provides a summary and parameter basis for the implementation of subcell
failure. A strain based Hashin failure criterion was implemented for each matrix subcell.
Stress-strain-based crack band model was also utilized to accommodate strain-softening of
the micropillars while undergoing the transverse compressive loading. A progressive
damage model using user-defined tangent slopes was applied to the model to control the
constitutive behavior of the matrix. Mohr-Coulomb criterion has been seen to be an
accurate model to represent the formation of mode II crack growth and transverse failure1,
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35, 42

, but it is not available with the current GMC model applied due to the lack of shear
coupling.
Table 3-7: Subcell failure parameters implemented for nonlinear behavior
Damage Initiation

Constitutive Behavior

Model

Parameters

Model

Parameters

TC-1

Strain-based Hashin

0.07

Stress-strain crack band

1.61 GPa

TC-3

Strain-based Hashin

0.043

Stress-strain crack band

1.80 GPa

TC-4

Strain-based Hashin

0.051

Stress-strain crack band

0.63 GPa

Qualitative observation will take place when analyzing the stress-strain fields of TC-1, TC3, and TC-4 to assess if shear bands, matrix cracking, and fiber-matrix debonding could
occur given the field dispersion. This will be a high area of interest to see if MAC/GMC
can pick up some of these damage characteristics at the GMC level.
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4 Results & Discussion
The results of the three progressive studies are found in this chapter. The first subsection
will compare the effective properties found through the experiment, GMC simulations, and
HFGMC simulations. Averages for each set of fiber/matrix pairs will be provided as well.
The next portion will show a graphical comparison of the stress-strain curves of each model
from the experiment and MAC/GMC models. Linear GMC and HFGMC stress-strain
curves are plotted along with the nonlinear GMC results. The next portion of this chapter
will provide visual results of experimental, GMC, and HFGMC strain fields at incremental
time steps during the compressive loading. Damage predictions of the nonlinear GMC
results will be compared to experimental SEM images at their respective time steps. The
subsequent section will look at the stress fields generated with GMC and HFGMC
simulations and determine if any comparisons between this data can be made with the
transverse compressive experiment.

4.1 Effective Properties
MAC/GMC has the capability to predict effective properties of a composite given
individual constituent properties and either the volume fraction of the composite or defined
microstructure geometry. Effective properties using both GMC and HFGMC mechanisms
were determined for each microstructure and compared to experimental results2. Table 41 shows the transverse elastic modulus (E22), shear modulus (G23), Poisson’s ratio (ν23),
and transverse yield and ultimate strength (σ22y, σ22ult, respectively) of TC-1, and TC-2.
These microstructures make up effective property results of the IM7/5250-4 system, in
which table 1 shows averaged properties found. Note that the ultimate stress has not been
evaluated in TC-1 HFGMC models, along with all of TC-2 due to the experimental nature
of removing the micropillar at the onset of nonlinearity.
Table 4-1: Effective Property Results for IM7/5250-4 system.
TC-1
TC-2
E22
(GPa)
G23
(GPa)
ν23
σ22y
(MPa)
σ22ult
(MPa)

Exp

GMC

HFGMC

Exp

GMC

HFGMC

GMC
HFGMC
Average

11.98

9.85

9.81

10.79

9.57

10.26

9.87

4.24

2.96

3.30

3.56

3.07

3.40

3.18

0.41

0.52

0.50

0.52

0.51

0.49

0.51

382.6

373.0

400.6

264.3

280.4

300.5

338.63

435.9

475.54

-

-

-

-

475.54

Table 4-2 provides a table of identical structure to its processor for the IM7/977-3 fiber
matrix system. The experimental and MAC/GMC effective property results are shown for
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TC-3 and TC-4 micropillars, along with an averaging column of the system effective
properties.

Table 4-2: Effective property results for IM7/977-3 system.
TC-3
TC-4
E22
(GPa)
G23
(GPa)
ν23
σ22y
(MPa)
σ22ult
(MPa)

Exp

GMC

HFGMC

Exp

GMC

HFGMC

GMC
HFGMC
Average

9.15

9.22

10.21

9.37

9.10

10.13

9.67

2.89

2.94

3.33

2.98

2.91

3.30

3.12

0.58

0.53

0.50

0.57

0.53

0.50

0.52

228.2

237.6

263.3

214.1

227.8

251.7

245.10

312.3

331.4

-

318.9

340.0

-

335.7

It is interesting to observe some of the values shown in both tables 4-1 and 4-2. While both
GMC and HFGMC effective property predictions fare well to experimental results, there
are a few patterns seen across all four microstructures that are worth discussing.
The HFGMC predictions for the transverse elastic modulus, shear modulus, and yield
strength seem to all predict higher values than its GMC counterparts when comparing to
experimental results. This could be due to the volume fraction variation seen in table 3-4.
A higher volume fraction correlates to an increase in composite effective properties. This
is because fibers exhibit stronger mechanical properties than the matrix, and as the fiber
density is increased, the contributions to the effective mechanical properties will increase
as well. HFGMC has a slightly higher level of accuracy than GMC for determining
effective properties due to the inclusion of a second order displacement field. This could
suggest that the volume fraction discrepancies have slightly impacted HFGMC’s ability to
model the experimental system as accurately as possible.
Another note that can be made about the effective property results is the consistent higher
ultimate strength exhibited by TC-1, TC-3, and TC-4 in the GMC nonlinear models. While
the predictions still maintain reasonable agreement with experimental results, it is
interesting to observe the consistent behavior. This could suggest that the use of different
models implemented with the subcell failure portion may present results that more closely
reflect the nonlinear behavior of the microstructures.
The next section will provide a graphical stress-strain curve comparison of the MAC/GMC
simulations compared to its experimental counterparts.
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4.2 Stress-Strain Curves
A convenient output that MAC/GMC can provide are stress-strain variables to plot a curve
for a given model. This was done for each phase, GMC Linear, HFGMC Linear, and GMC
Nonlinear, and for each microstructure from TC-1 to TC-4. Figure 4-1 shows the stressstrain curves for all phases within each microstructure model.

(a)

(b)

(c)
(d)
Figure 4-1: Experimental and MAC/GMC stress-strain response of micropillars. (a) TC1 curve in linear and nonlinear region. (b) TC-2 in linear region. (c) TC-3 in linear and
nonlinear region. (d) TC-4 in linear and nonlinear region.
Looking at the plots of figure 4-1 (a-d), there is strong alignment of all three phases in both
the linear and nonlinear regions. The blue line represents the linear GMC model for all four
microstructures, and the response seen between experimental and MAC/GMC output
shows consistent agreement. A similar statement can be made about the red HFGMC
response lines for each figure plot, with slightly higher but still agreeable linear region
outputs. The yellow lines represent the GMC nonlinear region, which is represented well
with the GMC model. These results altogether affirm that the GMC and HFGMC
accurately reflect true experimental micromechanical behavior throughout the transverse
compression experiment.
Overall, there is strong agreement with the MAC/GMC models to experimental results in
all regions of testing, as seen through the stress-strain curves. The next section will provide
results of strain fields for various incremental time steps within the transverse compression
testing.
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4.3 Strain Field Analysis
Digital image correlation (DIC) allowed for the opportunity of strain fields to be created
for each incremental SEM image during experimental transverse compression testing.
MAC/GMC additionally has the capability to localize the microstructure and provide strain
fields for any given time step within the model. Both outputs allowed for a comparison
between localized strain fields during the experiment and during MAC/GMC simulations.
This section will show the results found and discuss the similarities and differences
between model and experiment and comment on the model’s ability to capture the effects
of transverse compression at the localized level.
Within the linear region, outputs of experimental strain fields, GMC strain fields, and
HFGMC strain fields can be compared with one another. Figures 4-2 to 4-5 show these
comparisons during four different time steps of the transverse compression up until
nonlinear initiation. As the time increases, the micropillar is experiencing higher
compressive strains, which can be seen through the progression of red to purple contouring
within the strain fields. The contour plots for all figures have equivalent bounds to allow
for comparative observation to take place.
The differences of fidelity between the experimental strain fields, GMC strain fields, and
HFGMC strain fields are worth addressing prior to discussion of figures 4-2 to 4-5 in detail.
As part of the experimental methods, Flores2 utilized DIC to generate virtual strain gauges
of the micropillar SEM images. These strain gauges captured the global response of the
micropillar undergoing transverse compression well but could not capture pixel-grade
strain fidelity of the micropillar. The GMC and HFGMC models, however, do have pixelgrade fidelity in their strain field estimations. The experimental strain field captures more
of a homogenized strain field as opposed to the purely localized fields of the MAC/GMC
models, which should be considered when comparing the models.
Between the models generated through MAC/GMC, there are additional differences
between the strain field results. HFGMC has a second order displacement field and
includes effects of shear coupling, whereas GMC has a first order displacement field and
does not include shear coupling. For the strain fields of GMC, the mapping is linear, with
an almost grid-like response to the transverse loading. HFGMC strain fields, on the other
hand, show strains with a higher level of depth. The contour shows strains bending and
curving around fibers and creating complex geometry within the matrix. The differences
of fidelity when observing experimental, GMC, and HFGMC strain field results are
consistent between micropillars TC-1, TC-2, TC-3, and TC-4.
In figure 4-2, there is good agreement between both GMC and HFGMC strain fields when
compared to the actual experimental strain field of TC-1. The strain fields early on, in time
steps 398s and 472s, show a relatively well-distributed dispersion of strain, and few
concentrations are seen. Time steps 687s and 1071s show strain concentrations appearing
with all the models. At the final linear time step, both GMC and HFGMC seem to
overpredict the strain field observed in the experiment. This could be due to edge effects,
as the periodic boundary conditions of MAC/GMC do not accurately reflect the edge of
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the micropillar. There’s also a consistent lack of strain in the bottom portion of the TC-1
micropillar, which could be due to unforeseen additional contact of the sides of the pillar
near the base2.

Figure 4-2: Strain fields of TC-1 throughout the linear region of transverse compression.
(a) TC-1 at 398s. (b) TC-1 at 472s. (c) TC-1 at 687s. (d) TC-1 at 1071s
Figure 4-3 shows the contour strain fields of TC-2 as it underwent transverse compression.
Experimental, GMC, and HFGMC results are compared with one another up until the
microstructure was removed from the testing at the initiation of nonlinear behavior. A
similar discussion can be made with TC-2 in figure 4-3 as TC-1 in figure 4-2. Good
correlation is seen as the micropillars experience uniform strain distribution in time steps
2000s and 5000s, and deviations from one another is seen when strain concentrations form
in time steps 9000s and 11969s. There is overall agreement with the general location of the
strain concentrations, which is seen in the matrix pockets near the bottom left corner of the
models. GMC and HFGMC strain fields can additionally capture high strain concentrations
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seen in the matrix in between fiber rich regions. This is due to the general fidelity
differences between the models.

Figure 4-3: Strain fields of TC-2 throughout the linear region of transverse compression.
(a) TC-2 at 2000s. (b) TC-2 at 5000s. (c) TC-2 at 9000s. (d) TC-2 at 11969s.
Figure 4-4 shows TC-3 experimental, GMC, and HFGMC strain field contours at
incremental time steps up until nonlinear initiation. This micropillar shows trend agreement
with previous TC-1 and TC-2 discussions. Some edge effects in the bottom left corner of
the experimental strain fields are seen, and the GMC and HFGMC results were not able to
fully capture that boundary condition. There is, however, agreement between the uniform
to concentrated strain fields, especially within the matrix-rich regions. The GMC and
HFGMC results captured more matrix concentrations between fibers as well.
TC-4 strain field outputs are shown in figure 4-5. Experimental, GMC, and HFGMC model
outputs are seen at increasing time steps up until its final linear behavior point. These strain
field results remain consistent with the findings previously mentioned with TC-1, TC-2,
and TC-3 with figures 4-2, 4-3, and 4-4, respectively. Agreement with strain distribution
and concentrations seen as time progresses to nonlinearity is reflected well between
experiment and model, as well as good correlation between matrix rich regions and general
strain values.
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Figure 4-4: Strain fields of TC-3 throughout the linear region of transverse compression.
(a) TC-3 at 439s. (b) TC-3 at 881s. (c) TC-3 at 1537s. (d) TC-3 at 1859s.

Figure 4-5: Strain fields of TC-4 throughout the linear region of transverse compression.
(a) TC-4 at 243s. (b) TC-4 at 617s. (c) TC-4 at 1463s. (d) TC-4 at 1785s
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Overall, there is good alignment between experimental, GMC, and HFGMC strain fields
within the linear elastic region of transverse compression. Due to the experimental
limitations in acquiring precise strain fields for the micropillar models within the nonlinear
region2, a comparative analysis between the nonlinear model and experimental strain field
results did not occur. Instead, the next section will provide comparisons between the visual
damage seen within the SEM-imaged micropillars and the damage output of the nonlinear
GMC models.

4.4 Damage Predictions
This section will cover the findings of the GMC Nonlinear testing of TC-1, TC-3, and TC4. The incorporation of subcell failure allowed for GMC to accommodate for the
nonlinearity seen in experiments with the introduction of damage within the model’s
geometry. Because GMC does not account for shear coupling, mode II was not able to be
compared with the experimental failure observed. Instead, a comparison of SEM images
of the microstructures nearing failure and mode I damage calculated within each subcell
will be made. Fiber damage was not included in this study, as crack initiation in the matrix
was the dominant driver of failure for all experimental micropillar models.
Figure 4-6 provides a visual comparison between mode I damage calculated by GMC and
actual damage observed at a given time step. It should be seen that GMC isn’t quite able
to capture the critical cracking that occurred experimentally. This is due to a lack of shear
coupling and fidelity that is required to model the shear crack bands that formed and failed
at the top of TC-1 in the transverse compression experiment. Edge effects additionally
occurred during the experiment, especially near the bottom half of the micropillar, that
GMC was not able to capture. It is worth noting that the Mode I damage range capped out
around 60% damage. This could suggest that mode I was not the dominating failure mode
that led to ultimate failure of the microstructure, which does make sense due to the loading
and shearing nature of the matrix while undergoing compression1, 35.

Figure 4-6: TC-1 Damage comparison between experimental SEM imaging and GMC
mode I failure criterion. a) experimental and GMC damage at 1228s. b) experimental
and GMC damage at 1310s. c) experimental and GMC damage at 1392s.
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Figures 4-7 and 4-8 represent the experimental and GMC damage models of TC-3 and TC4 outputted at respective time intervals. Due to the similarities between these results, both
figures will be discussed at the same time. One interesting behavior this GMC nonlinear
model can capture is the linear striations observed in matrix-rich portions of the models.
This was mentioned as a unique observation in Flores2, so it is worth noting that GMC
could reflect that as well. This could additionally suggest that the parallel cracks seen are
result of mode I damage as opposed to the shearing mode II damage usually noted during
compressive experiments. Similarities to TC-1 and figure 4-6 discussion is the damage
domain falling underneath 100%, suggesting mode I is still not a dominant failure mode in
these experiments, as well as a lack of shear crack generation in the contour plots1, 35.

Figure 4-7: TC-3 Damage comparison between experimental SEM imaging and GMC
mode I failure criterion. a) experimental and GMC damage at 2370s. b) experimental
and GMC damage at 2744s. c) experimental and GMC damage at 3067s.

Figure 4-8: TC-4 Damage comparison between experimental SEM imaging and GMC
mode I failure criterion. a) experimental and GMC damage at 2364s. b) experimental
and GMC damage at 2762s. c) experimental and GMC damage at 3224s.
Overall, there is good mode I agreement between experiment and GMC nonlinear models.
It’s suggested that due to the damage contour failing to reach 100% damage in any subcells
that mode I failure is not the dominant damage behavior observed, and that additional
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testing of HFGMC nonlinear models could provide valuable insight into shearing mode II
damage and correlation between crack path initiation and growth of TC-1, TC-3, and TC4. The next section will provide insight into stress fields observed with GMC and HFGMC
models at the final linear behavior point and the onset of nonlinearity.

4.5 Stress Field Analysis
This section provides results and discussions for stress fields generated within the linear
region of TC-1, TC-2, TC-3, and TC-4. Comparisons between GMC and HFGMC fidelity
will be made, along with stress concentrations of the models and signs between
experimental crack initiation of the micropillar.
Figures 4-9 to 4-12 provides results of GMC and HFGMC shear and transverse stress
predictions, along with the SEM image of TC-1 at the final point of linearity. This
comparison provides great insight into the difference between fidelity of GMC and
HFGMC models. GMC does not account for shear coupling; therefore, when plotting the
shear stress of TC-1, all subcells are zeroed. HFGMC, however, accounts for shear
coupling, and shear stress concentrations are seen mainly in the matrix between fiber-rich
areas. GMC additionally provides an average of the transverse stress along the axis in
which strain is being applied, which is seen when looking at the vertical lines. HFGMC
transverse stress instead can show distinction between fiber and matrix stresses, as well as
the curving nature of the stress as it follows the fiber geometry.

Figure 4-9: TC-1 stress field comparison at the onset of nonlinearity. a) experimental
SEM image. b) GMC and HFGMC shear stress results. c) GMC and HFGMC transverse
stress results.

29

Figure 4-10: TC-2 stress field comparison at the onset of nonlinearity. a) experimental
SEM image. b) shear stress results. c) transverse stress results.

Figure 4-11: TC-3 stress field comparison at the onset of nonlinearity. a) experimental
SEM image. b) shear stress results. c) transverse stress results.

Figure 4-12: TC-4 stress field comparison at the onset of nonlinearity. a) experimental
SEM image. b) GMC and HFGMC shear stress results. c) GMC and HFGMC transverse
stress results.
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Figures 4-13 to 4-16 gives a closer look at the SEM imaging and the shear and transverse
stresses obsversed with HFGMC models. The bounds of each stress were placed on top of
the SEM image for increased qualitiative observation. Alignment between the model and
micropillar is in good agreement for all four models, especially given that real-time
displacements aren’t accounted for in MAC/GMC stress field outputs.
There is a lot of crack initiation has developed yet for TC-1, so there’s not too much to say
regarding crack alignment and stress concentrations. TC-2, however, has a strong
agreement between stress HFGMC stress concentrations modeled and crack initiation
observed. The transverse stress provides impressive alignment with all the cracks that have
initiated. The upper left corner shows a high transverse stress concentration, which is where
the largest crack is observed. Vertical cracks between fibers are also observed, and the
transverse stresses capture a concentration there as well. TC-3 and TC-4 in figures 4-15
and 4-16 also show areas of high stress around fibers, but not too much can be said about
crack alignment due to the lack of damage seen at the final linear time step for both models.
A study of HFGMC within the nonlinear region could provide a lot of further insight on
stress concentration regions and crack intitiation points for these experimental micropillars.

Figure 4-13: TC-1 experimental SEM imaging and HFGMC stress predictions at
nonlinear region initiation.
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Figure 4-14: TC-2 experimental and HFGMC stress prediction overlay at nonlinear
region initiation.
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Figure 4-15: TC-3 experimental and HFGMC stress prediction overlay at nonlinear
region initiation.
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Figure 4-16: TC-4 experimental and HFGMC stress prediction overlay at nonlinear
region initiation.
Overall, this section provided insight into the difference of fidelity between GMC and
HFGMC models, as well as comparison between crack and damage initiation and stress
concentrations between the experimental SEM image and HFGMC shear and transverse
stress results. Of all four microstructures, TC-2 showed the strongest alignment between
stress concentrations and crack initiation. Both vertical cracks and shearing cracks were
accounted for in the stress concentrations. The next section will provide the conclusion to
this work and summarize the future scope of this comparative study project.
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5 Conclusion & Future Scope
A thorough, comparative analysis between the semi-analytical micromechanics tool,
MAC/GMC, and an in-situ microscale transverse compression experiment took place in
this study. Methods to replicate experimental parameters of constituent properties, loading
conditions, and micropillar geometry from experiment to MAC/GMC inputs were
explained and shown. Three studies—Linear GMC, Linear HFGMC, and Nonlinear
GMC—were created and compared with experimental results. Effective properties, stressstrain curves, strain fields, damage predictions, and stress fields were compared with
experimental results. Agreement of GMC and HFGMC models to experimental results was
seen within all regions and all tests. GMC models were able to provide slightly more
accurate values of effective properties and homogeneity, whereas HFGMC tests captured
the localized stress-strain concentrations of the microstructure.
This study provides encouragement to continue to compare this in-situ experiment2, as well
as others microscale experiments, to MAC/GMC models. This study just scratched the
surface of damage initiation and progression analysis and utilizing HFGMC within the
nonlinear region will provide insight into how different failure modes affect the structural
integrity of the microstructure. Reconfiguring the damage laws of subcell failure, as well
as incorporation of debonding parameters, may aid with improved accuracy of MAC/GMC
model results to experiment. Improvements with DIC and virtual strain gauges may provide
strain field data within the nonlinear region for further comparison between model and
experiment.
These tests between experimental and computational results provide a link of validation
that the microscale region has historically struggled to make. MAC/GMC is a powerful
microscale modeling tool that has shown to provide consistent correlation between model
and experiment. The semi-analytical theories of the generalized method of cells and highfidelity generalized method of cells are supported by experimental results. This study has
improved understanding of failure at the microscale and established supportive correlation
between computational results, ultimately aiding our fundamental understanding of the
capabilities of composite materials.
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